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A new radio-frequency (rf) discharge plasma source at frequency of 13.56 MHz is presented. The 
rf plasma is produced by a modified magnetron-typed rf discharge using a cylindrical electrode with 
permanent magnet rings. The electron density of 2.5X 10’” cme3 with an electron temperature of 3.7 
eV, uniform within a few percent over 50 cm in diameter, is obtained on both sides at 5-6 cm from 
the axial center of the rf electrode when the rf power is 600 W under argon pressure of 3.6X1K4 
Torr. 
For the trend of plasma processing for fabrications of 
ultra-large-scale integration (ULSI) circuits and flat panel 
display devices at the next stage, it is of crucial importance 
to provide uniform high-density plasma sources with large 
diameter. Moreover, in recent developments of microelec- 
tronic devices, it has been pointed out’ that the plasma pro- 
cessing should be carried out in low gas pressure discharges 
under no magnetic field in order to minimize substrate dam- 
ages. Radio-frequency (rf) discharges of 13.56 MHz have 
been widely used for the plasma processing because the 
plasma production is relatively simple. The most common 
method for producing such rf plasmas is a capacitively 
coupled rf discharge where one of two parallel electrodes is 
grounded and the other is driven by a 13.56-MHz rf genera- 
tor. In this case, however, the working gas pressure is usually 
high and it is rather difficult to increase the plasma density.” 
Recently, uniform high-density plasmas have been generated 
to some extent by inductively coupled rf discharge3 and by 
microwave discharge using a plane slotted antenna4 with per- 
manent magnets for the electron cyclotron resonance (ECR) 
at low gas pressures, where there is no direct magnetic effect 
on ion motions. Here we present a new simple plasma 
source; modified magnetron-typed rf plasma source for pro- 
ducing uniform high-density plasmas with large diameter. 
The uniform rf plasma of large diameter is produced by 
using a cylindrical electrode with permanent magnet rings. 
The experimental device consists of parts [A]-[I?] as shown 
in Fig. 1. A stainless-steel cylinder [C] with diameter of 55 
cm and length of 90 cm is placed inside a stainless-steel 
vacuum chamber with diameter of 60 cm and length of 100 
cm. A rf-powered electrode [A] with diameter of 54 cm and 
length of 10 cm is located at a radial position of 5 mm inside 
the grounded cylinder [Cl. Two 53-cm-diam end plates [B] 
supported on grounded metal rings [F] are fixed at 15 cm 
apart from the axial center of the rf electrode, on both sides 
of the rf electrode . The potential of [B] is floating through 
condensers connecting to [C]. Two kinds of azimuthal mag- 
net rings [D] are placed on the outside surface of [C] to 
enhance plasma production and confinement. Three magnet 
rings are spaced 3.5 cm apart in the axial region of the rf 
electrode, as shown in Fig. 1, providing the maximum mag- 
netic field of about 350 G in the axial direction on the sur- 
face of the rf electrode. The rf electric field gives rise to a 
magnetron-typed discharge in the presence of magnetic field 
produced by the three magnet rings. High-energy primary 
electrons move in the azimuthal direction across the mag- 
netic field and stay long times in front of the powered elec- 
trode [A]. Other six magnet rings are spaced 2 cm apart 
outside this region, providing the maximum magnetic field of 
about 200 G on the surface of [Cl, in order to reduce plasma 
loss toward the wall [Cl. But the magnetic field produced by 
the outermost magnet ring increases the plasma loss in the 
axial direction. However, the diverging magnetic field is 
quite important for obtaining radially uniform profiles. In 
addition, a decrease in the magnetic field on the end plates is 
also important for plasma processing when the substrate is 
located at the end-plate positions. The magnetic field dimin- 
ishes rapidly in the inward direction. It is smaller than 10 G 
in the region of 24+<25 cm and smaller than 4 G in the 
region of r<24 cm at the position of z= 25.5 cm, where r is 
a radial distance from the center axis and z is an axial dis- 
tance from the axial center of the rf electrode. Therefore, we 
have an almost unmagnetized plasma at the end-plate posi- 
tions. The rf power in the range up to 600 W is supplied from 
a rf generator [El. A working gas is argon with the pressure 
range of 2X10P4-1.4X10P3 Torr. The radial profiles of 
plasma parameters are measured by a Langmuir probe which 
is movable in the (r,z) plane. 
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FIG. 1. Modified magnetron-typed d plasma source system. 
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FIG. 2. Radial profiles of electron density nC at different axial positions z. 
Argon gas pressure is 3.6X10w4 Torr. Radio-frequency power is 600 W. 
FIG. 3. Radial profiles of electron density n, , electron temperature T, , and 
space potential V, at .z=5.5 cm. Argon gas pressure is 3.6X10b4 Ton. 
Radio-frequency power is 600 W. 
There occurs strong ionization in the region near the 
inside surface of cylindrical rf electrode [A] with permanent 
magnet rings. Charged particles produced diffuse across the 
magnetic field both in the radially inward and axially out- 
ward directions. In the steady state the radial profile of 
plasma density is determined by the balance between these 
diffusion loss and production of charged particles near the 
surface of the rf electrode. With an increase in Iz], the radi- 
ally inward diEFusion results in a formation of the radially 
uniform plasma at a position away from the rf electrode. 
Figure 2 shows the radial profiles of electron density (n,) at 
different axial positions for the incident rf power ~600 W 
and the argon pressure -3.6X 10m4 Torr. From this figure we 
can see the radial plasma-diffusion process mentioned above. 
At z=O cm, the electron density in the vicinity of the rf 
electrode surface is higher than that in the central region. 
But, at the position just outside the rf electrode, i.e., z= -5.5 
cm, the plasma is observed to be fairly homogeneous with 
the electron density decreasing slightly near the chamber 
wall. At z=-7 cm, the electron density near the chamber 
wall further decreases, yielding a decrease in the diameter of 
homogeneous region. 
The surface magnetic field gives rise to a big effect on 
the ignition and sustaining of the rf discharge. Under the gas 
pressure of 3.6X10w4 Torr, the ignition is possible at the 
incident rf power of 50 W. After the ignition the plasma can 
be sustained even at 25 W. For comparison, the rf discharge 
is turned on without the magnets surrounding the discharge 
cylinder. In this case, the ignition power is 100 W and the 
minimum sustainable power is 75 W. 
The radial profiles of the electron density (n,), electron 
temperature (T,), and space potential (V,) are demonstrated 
in Fig. 3, where z= -5.5 cm, under the same condition as in 
Fig. 2. The plasma density is 2.5X101’ cme3 and the electron 
temperature is 3.7 eV at the incident rf power of 600 W. The 
electron density and temperature are found to be uniform 
within 3% over 50 cm in diameter. It should be noted that 
these uniform electron density and temperature profiles are 
formed on the both sides of the rf electrode at z = t-5.5 cm, 
because the device geometry is symmetric with respect to 
z=o. 
Figure 4 presents typical plots of the electron density 
and temperature as a function of the incident rf power at r =0 
cm and z =0 cm under the gas pressure of 3.6X 10m4 Torr. 
The plasma density increases almost in proportion to the rf 
power, being accompanied by a slight increase in the elec- 
tron temperature. 
In order to clarify an effect of the rf electrode length on 
the radial profiles of the plasma parameters, the rf electrode 
length is changed as 5, 10, and 30 cm. Figure 5 shows the 
radial profiles of electron density at z=O cm. As found in this 
figure, in case of 5 cm, we can see that the ratio of the 
electron density near the rf electrode surface to that at the 
radial center is 4.5. This value is larger than that in case of 10 
cm. In case of 5 cm, a radial plasma profile is observed to 
become uniform at [z[ -7.0 cm as in Fig. 3, where the rf 
electrode length is 10 cm, although the electron density is 
smaller than that in case of 10 cm. When the rf electrode 
length is 30 cm, the electron density at the rf electrode sur- 
face is lower than that in the central region. In this case, the 
uniform electron density profile is not found in the radial 
direction at any axial position. The dependences of radial 
profiles on the electrode length are qualitatively unchanged 
even when the incident rf power is varied up to 1 kW in the 
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FIG. 4. Qpical plots of electron density n, and electron temperature T, as 
a function of incident rf power at r =O cm and z =O cm. Argon gas pressure 
is 3.6X10e4 Ton: 
Appt. Phys. Lett., Vol. 65, No. 1, 4 July 1994 Li, lizuka, and Sato 29 
Downloaded 03 Nov 2008 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
0 ’ 
0 5 10 15 zo 25 T 30 
r Icm) WALL 
FIG. 5. Radial profiles of electron density n, at z=O cm with rf electrode 
length as a parameter. Argon gas pressure is l.4XlO-3 Torr. Radio- 
frequency power is 100 W. 
pressure range of 0.1-2 mTorr. Therefore, the ratio of the 
electrode diameter to length is a key factor for producing 
uniform plasmas. Further measurements for different radial 
sizes of electrodes have to be made to find out the best con- 
dition necessary for device design. 
Our modified magnetron-typed rf discharge plasma 
source yields the plasma density of 2.5X10r” cme3 uniform 
with 3% over 50 cm at the incident rf power of 600 W under 
the argon gas pressure of 3.6X10m4 Torr. The plasma density 
is almost proportional to the rf power. Such a uniformity is 
obtained in the argon pressure range of (2.0-S.0)X10M4 Torr. 
The structure of the plasma source presented here is quite 
simple. The uniform plasma with large diameter is obtained 
on the both sides of the rf electrode. The magnetic field can 
be neglected (~4 G) in the region where the substrate is 
placed for the plasma processing. This plasma source could 
be useful in fabrications of ULSI circuits and flat panel dis- 
play devices at the next stage. 
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